Inhibition of either the insulin-like or target of rapamycin (TOR) pathways in the nematode Caenorhabditis elegans extends life span. Here, we demonstrate that starvation and inhibition of the C. elegans insulin receptor homolog (daf-2) elicits a daf-16-dependent up-regulation of a mitochondrial superoxide dismutase (sod-3). We also find that although heat and oxidative stress result in nuclear localization of the DAF-16 protein, these stressors do not activate a SOD-3 reporter, suggesting that nuclear localization alone may not be sufficient for transcriptional activation of DAF-16. We show that inhibition of either TOR activity or key components of the cognate translational machinery (eIF-4G and EIF-2B homologs) increases life span by both daf-16-dependent and -independent mechanisms. Finally, we demonstrate that at least one nematode hexokinase is localized to the mitochondria. We propose that the increased life spans conferred by alterations in both the TOR and insulin-like pathways function by inappropriately activating food-deprivation pathways.
M
ODIFYING any one of several nutrient-sensing molecular mechanisms, either by RNA interference (RNAi) or by mutation, can increase the life span of the nematode Caenorhabditis elegans. Two prominent examples of such pathways are the insulin/insulin-like growth factor (IGF)-1 signaling cassette and the target of rapamycin (TOR) protein [for overview, see (1, 2) ].
The best studied of these mechanisms is the insulin/ IGF-like signaling (IIS) pathway. Many components of this signaling cassette were identified initially as mutations in the dauer-formation pathway of C. elegans. Dauers are a long-lived dispersal stage that forms when conditions are unfavorable for reproductive development [for overview, see (3) ]. Genetic screens have identified many mutations that either cause the animals to form dauers constitutively, called Daf-c, or not at all, called Daf-d (dauer defective). Subsequent studies revealed that some Daf-c mutations also confer long life. For example, the first long-lived mutant identified, age-1 (4-6), was found to be allelic with the Daf-c gene, daf-23, and encodes a putative phosphatidylinositol-3-kinase (7) . A large number of studies have examined this pathway, and have confirmed the observation that reducing IIS by mutation or RNAi increases both mean and maximum life span [for review, see (1) ]. Components of the IIS pathway are present throughout life and, similar to mammalian IIS, may function to transmit information on nutrient availability to individual cells, allowing for adaptation to a changing environment (8, 9) . In particular, IIS is most active when food is abundant, and functions to promote reproductive development. IIS is reduced under conditions of low food and leads to dauer formation. Therefore, mutations in the IIS pathway result in the inappropriate signal of adverse conditions, in particular low food, under conditions of abundance.
One of the major functions of IIS in C. elegans is to regulate the activity of the forkhead transcription factor DAF-16. daf-16 is required for both dauer formation and the increased life span of many long-lived strains of nematodes (10, 11) . DAF-16 plays a key role in modulating C. elegans life span, such that loss of daf-16 shortens life span, whereas simply increasing the dosage of daf-16 increases life span (9, 12) . Active IIS negatively regulates DAF-16 by sequestering the protein to the cytoplasm, thereby preventing activation of target genes, whereas inhibition of IIS causes nuclear localization of DAF-16 and possible activation of target genes (9, 12, 13) . This method of regulation acts as a rapid means to adjust transcriptional profiles in response to a changing environment. A variety of methods have revealed potential targets of DAF-16, which include several antioxidant genes such as sod-3 (mitochondrial Mn superoxide dismutase; [14] [15] [16] [17] and ctl-1 (a cytoplasmic catalase; 15). In addition to genetic alterations in IIS, several environmental factors, such as increased temperature, oxidative stress, and starvation, cause DAF-16 to enter the nucleus, suggesting that DAF-16 may play a more general role in adaptation to adverse conditions (9) .
A second pathway for increasing life span in C. elegans is the TOR protein (2) . TOR proteins are an evolutionarily conserved family of proteins that function as a nutrientsensing mechanism and regulate protein synthesis and degradation in response to changing amino acid levels. Low amino acid levels inhibit TOR function resulting in inhibition of protein synthesis and increased protein degradation. Abundant amino acids activate TOR and lead to increased protein synthesis and decreased degradation [for review, see (18) ]. Inhibition of the C. elegans homolog of TOR, let-363, results in a phenotype similar to starved animals (19) and modest increases in life span (2) . Similar to IIS inhibition, genetic inhibition of TOR transmits the signal that resources are scarce when they are not.
The increased life span by inappropriate signals of adversity has been proposed in various models of aging and especially in the context of the ''disposable soma'' theory of aging as put forth by Kirkwood and coauthors (20) (21) (22) . The disposable soma theory proposes that organisms distribute limited resources across the general categories of reproduction and somatic maintenance. When nutrients are abundant, selection would favor species that devote resources toward reproduction. Yet, when resources are scarce, somatic maintenance may be favored, as the organism ''hunkers down'' until conditions improve. Hence, when presented with a changing environment, a balance must be struck between allocating resources toward reproduction versus somatic maintenance [for recent review, see (23) ].
The allocation of resources may be influenced by perceived nutrient availability. For example, if nutrient-sensing pathways are disrupted by mutation, they may send the signal that nutrients are scarce, causing a reallocation of resources toward cellular repair. One outward sign of such a reallocation may be increased resistance to external stressors [for overview, see (24) ]. In particular, increased resistance to reactive oxygen species (ROS) may be critical for increased life span. Oxidative stress has been proposed as a major factor in many pathological conditions as well as in the aging process itself (25, 26) .
Here we show that, in addition to its role in dauer formation, DAF-16 functions to protect animals from oxidative damage during periods without food. Depriving C. elegans of food for several days rendered animals more sensitive to oxidative stress, yet increased their resistance to heat. We also show that after 4 days without food animals lacking a functional daf-16 gene had greatly elevated carbonyl content. We used a sod-3::GFP reporter construct as a reporter of DAF-16 transcriptional activity, and demonstrate that sod-3 is induced primarily by DAF-16 in response to food availability. Furthermore, we find that at least one nematode hexokinase is localized to mitochondria, and we suggest that starvation may induce oxidative stress in nematodes the same way as in mammals. We also show that whereas inhibition of TOR activity increases life span in a daf-16-independent manner, inhibition of key components of the translational machinery can increase life span in a daf-16-dependent manner. Finally, we propose that the increases in life span conferred by alterations in both the TOR and IIS pathways function by inappropriately signaling that conditions are adverse when they are not and that daf-16 plays a key role in this response.
METHODS

Strains and Culture Conditions
Strains were maintained on nematode growth media (NGM) plates spread with Escherichia coli strain OP50 using standard procedures (27) Starvation.-Gravid adults of temperature-sensitive sterile strains, such as TJ1060, were grown at 168C to ensure fertility on 2% peptone plates spread with E. coli strain RW2. Mixed populations were washed off the plate and treated with hypochlorite and NaOH to isolate eggs. Eggs were placed at 258C on 2% peptone plates spread with RW2 and grown for 4 days to become sterile adults. RW2 grows to a thick bacterial lawn and was used instead of OP50 to grow large numbers of animals and prevent the animals from encountering low food conditions prior to the experimental food deprivation. When the animals reached 4 days of age, the population was split and animals were place in either (13 S Basal) with 1 3 10 9 E. coli/mL or 13 S Basal without E. coli. Media was changed every 3 days.
Life span and stress tests.-Life spans of fed and starved populations were followed as previously described, and survival curves were compared with the log rank test (30) . Stress tests were performed by exposing both the starved and fed populations to the indicated stress, and then scoring a sample of the population at a given time point for the number of live and dead animals. For juglone, 2 mM juglone was dissolved in 100% EtOH and diluted to 300 lm in 13 S Basal for testing. Hydrogen peroxide was used at 50 mM. Due to the large variability in oxidative stress tests, replicate experiments were not compared to each other. Only within-replicate comparisons were analyzed. Survival proportions between fed and starved strains were compared with the Fisher Exact test. Statistical analysis was performed with the Statistica software package (Statsoft Inc., Tulsa, OK) and graphed with SigmaPlot (SPSS Inc., Chicago, IL).
Plasmids
Cloning of DNA fragments was done following standard procedures (31) . DNA for polymerase chain reaction (PCR) was isolated from N2 (CGCb) (32) . sod-3::GFP.-Primers sod3u1 CCGTCGACCGCAGAA AAAAGTCGTTGCAA and sod3d1 TACCCGGGATTGTC GAGCATTGCAAATCT were used to amplify a 2.3-kb fragment from N2 genomic DNA, digested with SalI/XmaI, and cloned into pPD95.81 (provided by Dr. Andrew Fire, Stanford University) to create the sod-3::GFP expression vector. N2 animals were given injections of 20 lg/mL sod-3::GFP plasmid and 100 lg/mL pRF4 to establish transgenic lines N2; zEx373 (TJ373) and N2; zEx374 (TJ374). Extrachromosomal array zEx373 was crossed into GR1307 and daf-16(mgDf50) homozygotes segregated to yield TJ378: daf-16(mgDf50)I; zEx373. H25P06.1::GFP.-Primers h25u1 CGCTGCAGTTG-CAAATCAAAATCGTGGA and h25d1 CCGGGGATCC-TCAATCGATTCTTCATTCAGTTTCGA were used to amplify a 720-bp fragment containing the first two exons of H25P06.1 and the putative promoter region from N2 genomic DNA. The PCR fragment was cloned into pSTblue daf-16 AND OXIDATIVE STRESS using a Perfectly Blunt PCR cloning kit (Novagen Inc., Madison, WI). A PstI/BamHI fragment was then cloned out of this construct and into pPD95.81 to yield the H25P06.1::GFP translational fusion. H25P06.1::GFP at 20 lg/mL and pRF4 at 100 lg/mL were co-injected into N2 to derive N2; zExH25P06.1::GFP strains, TJ376 and TJ377.
RNAi
To inhibit specific gene function, we used a standard RNAi protocol and used empty vector RNAi as a control (listed as control(RNAi)) (33). For M110.4 and K04G2.1, RNAi feeding bacteria were obtained from the whole genome RNAi library (34) . For let-363, primers tor1 CATTCAAAAATCGAGCGTGA and tor2 TTGGAACC-CAACCAATCAAT (identical to primer pair sjj_B0261.2, www.wormbase.org) were used to amplify a 1-kb fragment from N2 genomic DNA, blunted with Perfectly Blunt reagent (Novagen, Inc.) and cloned into EcoRV digested, phosphatased pPD129.36 (provided by A. Fire). daf-16 and daf-2 RNAi constructs were as previously described (9) .
Microscopy
Animals were soaked in 1X S Basal containing 10 mM tetramethylrosamine (TMR) (Molecular Probes, Inc., Eugene, OR) for 1 hour, then washed briefly in fresh 13 S Basal. Green fluorescent protein (GFP) and TMR staining were visualized with a Zeiss (Thornwood, NY) Axiovert microscope, using a digital camera and SlideBook software (Intelligent Imaging Innovations Inc., Denver, CO).
Western Blots
N2; Exsod-3::GFP transgenics were grown on either empty vector RNAi (control(RNAi)) or daf-2(RNAi) as previously described (34 (31) , using anti-GFP antibody (Sigma Inc., St. Louis, MO). Signal was detected using enhanced chemiluminescence (Amersham Biosciences Inc., Piscataway, NJ) on BioMax film (Kodak, Inc., Rochester, NY).
Carbonyl Determination
Worm extract and blotting.-Animals were resuspended in 13 lysis buffer (50 mM Tris [pH 6.8], 2% SDS, 50 mM DTT) and heated to 958C for 10 minutes to dissolve the carcasses. Carbonyls were detected in worm extract using an Oxyblot Protein Oxidation Detection Kit (Chemicon International, Inc., Temecula, CA) in a dot blot procedure following manufacturer's directions. Briefly, 5 ll of protein sample was denatured in 6% SDS, derivatized with 2,4-dinitrophenylhydrazine, neutralized, then blotted to nitrocellulose membrane using a suction apparatus (Bio-Rad, Inc., Hercules, CA). Blots were then blocked with Blotto (5% dried milk) for 1 hour, followed by incubation with primary antibody (rabbit anti-dinitrophenyl [DNP]) for 1 hour at room temperature, washed three times in 13 Trisbuffered saline, incubated 1 hour with secondary antibody (goat anti-rabbit horseradish peroxidase conjugate); the blot was then finally washed three times in 13 Tris-buffered saline. The blot was developed with an enhanced chemiluminescence kit (Amersham, Inc.) onto BioMax film (Kodak, Inc.) and analyzed with ImageJ software (NIH, Bethesda, MD). Carbonyl content is based on pixel counts per microgram of protein in the sample.
Protein determination.-We found that DTT and SDS used in the preparation of our worm extract interfered with the bicinchoninic acid (BCA) protein assay. To remove these compounds, we dialyzed worm extract in small volumes using Slide-A-Lyser Mini dialysis units (Pierce, Inc., Rockford, IL) against two changes of 1 liter of phosphate-buffered saline at 48C. Following dialysis, protein content was determined using the BCA method following manufacturer's directions (BCA Protein Assay Kit; Pierce Inc.).
RESULTS
Starvation and daf-2 Inactivation Induce sod-3 Expression in a daf-16-Dependent Manner
We have previously shown that heat shock, exposure to juglone (a superoxide generator), or starvation results in rapid nuclear localization of a DAF-16::GFP fusion protein (9) . Yet, nuclear localization may not necessarily lead to transcription and translation of target genes. To visualize DAF-16 output, we constructed a SOD-3::GFP translational fusion that fuses GFP to the C-terminus of the complete SOD-3 protein, and uses the endogenous sod-3 promoter ( Figure 1A ). sod-3 is one of two mitochondrial superoxide dismutases in C. elegans and is a known target of DAF-16 (14, 35) .
In wild-type animals, the SOD-3::GFP protein is expressed constitutively and weakly in pharyngeal and intestinal cells ( Figure 1B and E). In the pharynx, SOD-3::GFP appears in some instances to colocalize with the mitochondrial dye TMR ( Figure 1C and D) . However, much of the SOD-3::GFP appears not to overlap with the TMR dye; this is especially evident when sod-3 expression is induced (see below and Supplemental Figure 1 ). Therefore, we cannot rule out the possibility that the presence of the GFP interferes with the targeting of the protein. We tested if the constitutive expression was dependent on daf-16 using RNAi and by crossing the array into a daf-16-null-allele and allowed to recover for 4 hours. SOD-3::GFP is not increased under these conditions. G, 1003 GFP image of an animal treated for 18 hours in 100% oxygen at 40 psi. Note weak gut GFP signal. H, 1003 image of an animal exposed to daf-2 RNA interference (RNAi). Note strong expression in many cell types. (mgDf50)) and found that the pharyngeal pattern was independent of daf-16 (see Figure 2F ). Identical daf-16 RNAi treatments result in silencing of the transgene, suppression of dauer formation, and shortening of life span (9) . To see if our construct was responsive to inhibition of IIS, we inhibited daf-2 by RNAi and noted strong induction of SOD-3::GFP in many tissue types, in particular hypodermis, intestine, and somatic gonad ( Figure  1H and inset). The induction of sod-3::GFP by daf-2(RNAi) did not occur in a daf-16(lf) background, indicating that DAF-16 plays a significant role in activating sod-3 in the absence of IIS (Figure 2A and B) . We examined the localization of the induced SOD-3::GFP protein and found that, in some cell types (such as the somatic gonad) SOD-3::GFP colocalized with TMR (Supplemental Figure  1A-D ), yet in others it was frequently found to be outside of the mitochondria; for example, it appeared to be associated with aggregates in the intestine (Supplemental Figure 1B and D) and dense bodies in muscle cells (Supplemental Figure 1E-H) . The aggregates and accumulation at dense bodies may be an artifact of highly expressed transgenes.
Because heat, ROS, and starvation all result in nuclear localization of DAF-16::GFP (9), we asked if such treatments activated our sod-3::GFP reporter. We tested exposure to 358C for 2 hours, 378C for 30 minutes, hyperbaric oxygen, or 24 hours of food deprivation. Despite nuclear localization by heat and oxidative stress (9), we did not detect significant increases in SOD-3::GFP fluorescence by these treatments (Figure 1F and G). Of these treatments, only starvation strongly induced the transgene ( Figure 2D and G). We next tested the dependence of this induction on DAF-16 and found that the starvation-induced expression of the sod-3::GFP transgene could be completely suppressed by pre-exposing the worms to daf-16 RNAi (Figure 2E -H).
SOD-3::GFP Did Not Increase Life Span
In some cases, nematodes carrying transgenes have extended longevity [examples include: daf-16 (9,13), old-1 (36-38), hsf-1 (39), and hsp-16.1 (40)]. Earlier work had provided evidence that overexpression of SOD (41) or SOD and catalase (42) could extend the life span of Drosophila. However, this extension may only apply to short-lived strains of flies (43) . Given the role of SOD in combating oxidative stress and that our construct contained a full-length SOD-3 protein, we examined the life span of two independent sod-3::GFP transgenic lines (in three replicate experiments) compared to a line carrying the roller marker alone and found no difference in mean life span (ExpRF4:17.3 6 2.0 days, Exsod-3::GFP line #1: 17.2 6 1.7 days, p ¼ .44, Exsod-3::GFP line #2:17.2 6 2.2 days, p ¼ .99). However, given the poor mitochondrial localization of our construct, we cannot exclude the possibility that the SOD-3::GFP protein may be nonfunctional.
DAF-16 Does Not Regulate All Oxidative Stress-Induced Genes
Because activation of DAF-16 increases expression of sod-3, we determined if DAF-16 could regulate other known antioxidant genes. Previous work had identified a gst-4::GFP fusion construct as a robust reporter of oxidative stress (29) . In well-fed, wild-type animals, gst-4::GFP is expressed weakly in hypodermal cells ( Figure 3A , C, and E) and can be induced in other cell types (notably intestinal cells) by exposure to oxygen ( Figure 3B ). In our tests, gst-4::GFP did not behave like sod-3::GFP. For example, sod-3::GFP could be induced by starvation whereas gst-4::GFP could not; also gst-4::GFP could be induced by hyperbaric oxygen exposure, whereas sod-3::GFP could not ( Figure 1G ). We further examined the responsiveness of gst-4::GFP to changes in IIS in adult animals. Because inhibition of daf-2 led to strong induction of sod-3::GFP, we next tested if daf-2(RNAi) would activate gst-4::GFP. We found no strong activation, although inhibition of daf-2 may cause weak expression in anterior intestinal cells ( Figure 3C ). Also, inhibition of daf-2 did not influence the induction of gst-4::GFP by oxygen ( Figure 3D ). We next tested the daf-16 dependence of gst-4::GFP expression by exposing the animals to daf-16(RNAi), and found that DAF-16 was not required for either constitutive expression ( Figure 3E ) or oxygeninduced expression ( Figure 3F ). Similar to daf-2(RNAi), we noted slight activation of gst-4::GFP on daf-16(RNAi) which may be in response to elevated ROS in daf-16(lf) animals. daf-16 mutants are known to be sensitive to oxidative stress (see below) and rapidly accumulate hallmarks of oxidative damage, such as protein carbonyls (44) . Therefore, the increased oxidative stress induced by suppression of daf-16 may activate the gst-4 reporter, yet DAF-16 itself may not turn on a broad range of antioxidant genes.
DAF-16 Protects Starved Animals From Oxidative Stress
The daf-16-dependent induction of sod-3 implies that starved or IIS-inhibited animals are experiencing or anticipating oxidative stress, notably superoxide generation by the mitochondria. We tested sensitivity to exogenous oxidative stress (as a surrogate indicator of oxidative stress) in starved versus fed animals. To prevent internal hatching during starvation we used the sterile strains [TJ1060, daf-16(þ) and TJ1081, daf-16(m26)], which have defects in sperm function, yet the germ lines remain intact and the animals continue to produce oocytes and have normal life spans (28) . We examined resistance to ROS of animals starved for 48 hours (a time point at which sod-3::GFP is activated in animals starved on solid media). We first tested resistance to juglone, a superoxide generator, and found that starved TJ1060 animals are more sensitive to juglone than are fed animals ( Figure 4A ), suggesting that the starved animals may be experiencing endogenous oxidative stress that is not completely countered by protective measures. We next examined a daf-16 mutant [TJ1081, daf-16(m26)] and, as expected, fed daf-16(lf) animals were more sensitive to juglone treatment then were fed daf-16(þ) animals, consistent with the well-characterized stress sensitivity of daf-16 mutants (45) . Importantly, we found that starved daf-16(lf) animals were markedly sensitive to juglone (see Figure 4A) , indicating that daf-16(lf) animals may lack the ability to activate antioxidant defenses in response to starvation, and are rendered extremely sensitive to superoxide.
Inhibition of any one of several mitochondrial genes has been demonstrated to increase the life span of C. elegans (46, 47) , and these long-lived animals show differential sensitivity to two oxidative stressors: paraquat and hydrogen peroxide. Generally, inhibiting mitochondria decreased resistance to paraquat, yet increased resistance to hydrogen peroxide (47) . Paraquat acts in a similar manner to juglone, using NADPH to generate superoxide (48) . Therefore, we asked if starved animals exhibited this pattern of sensitivity, perhaps due to decreased mitochondrial output during food deprivation. However, unlike mitochondrial mutants, starved daf-16(þ) and daf-16(lf) animals were more sensitive to both juglone and hydrogen peroxide, with starved daf-16(lf) animals showing the greatest sensitivity to both juglone and hydrogen peroxide ( Figure 4A and B).
Because starvation appeared to induce oxidative stress, we next tested the effect starvation had on life span. We grew animals on E. coli until they were adults (4 days) and then switched the population to liquid media (13 S Basal) half with 1 3 10 9 E. coli/mL and half without food (see Methods section). Under these conditions, starvation shortened life span of both daf-16(þ) and daf-16(lf) animals ( Figure 4C ). This phenotype could be reversed by even relatively small amounts of food. For example, feeding animals on a dietary restriction regimen (approximately 1 3 10 7 E. coli/mL) increased the life span of both daf-16(þ) and daf-16(lf) strains (Table 1) .
The sensitivity to both juglone and hydrogen peroxide is an indirect measure of oxidative stress. We next determined levels of carbonyls in fed versus starved animals after 4 days of food deprivation. daf-16(þ) animals did not accumulate increased carbonyls during this period of starvation. Yet, the absence of daf-16 greatly increased carbonyls per microgram of protein during the period of starvation ( Figure 4D ), suggesting that one function of DAF-16 is to protect animals from oxidative stress during periods without food.
Because starvation shortened life span and made the animals more sensitive to exogenously applied oxidative stressors, it was possible that starvation simply made the animals less healthy in general. Therefore, we tested the thermotolerance of starved versus fed animals. Interestingly, we found that starved animals were much more thermotolerant than were fed animals and that this increased thermotolerance was daf-16 independent. Both starved daf-16(þ) and and daf-16(lf) animals were markedly more thermotolerant than were fed animals of the same genotype ( Figure 4E ).
C. elegans Hexokinase H25P06.1 Is Localized to the Mitochondria
In mammals, growth factor withdrawal and glucose deprivation trigger nuclear localization of the DAF-16 homolog, FoxO3a, and increases SOD2 expression (the mammalian ortholog of sod-3). The activation of SOD2 has been proposed as protection against low hexokinase activity at the voltage-dependent anion channel (VDAC; 49). In mammals, type I hexokinase is targeted to the mitochondria by a hydrophobic sequence located at the amino terminus of the protein (M IAA Q LLA YY) (50) . C. elegans contains three putative hexokinase genes H25P06.1, Y77E11A.1, and F14B4.2. We aligned these sequences and examined them for the presence of hydrophobic N-terminal sequences (see Figure 5A inset). H25P06.1 contained 50% hydrophobic sequences at the N-terminal (M L G II E L G I Q), whereas F14B4.2 contained 40% (MSS IV CHP IL ) and Y77E11A.1 only 30% (MK VL PPE V EE). Therefore, the H25P06.1 protein was the best candidate for mitochondrial targeting.
To determine if nematode hexokinase proteins may be localized to the mitochondria, we constructed a fusion between the first two exons of H25P06.1 (containing putative VDAC targeting sequence) and GFP. Expression was driven by 2 kb of genomic sequence upstream of the H25P06.1 coding region ( Figure 5A ). We found that this construct exhibits broad expression, with notable expression in pharynx, neurons, and muscle cells. The fusion also exhibits clear mitochondrial localization as revealed by TMR costaining ( Figure 5 , B-E). This preliminary result suggests that, like mammals, but unlike yeast, C. elegans may use intramitochondrial adenosine triphosphate (ATP) to phosphorylate glucose. We were unable to obtain expression of either F14B4.2 or Y77E11A.1 GFP fusion constructs.
Inhibition of C. elegans TOR Homolog (let-363) and Translational Regulatory Genes Increases Life Span
Low levels of amino acids, such as those experienced during starvation, inhibit the activity of the evolutionarily conserved TOR protein, resulting in inhibition of transcription and translation, thereby slowing growth in response to low nutrient levels [for review, see (51)]. We asked if inhibition of the C. elegans homolog of TOR, let-363, by RNAi resulted in phenotypes similar to those seen in starved animals and if these phenotypes were dependent on daf-16. let-363 RNAi resulted in larval lethality, as previously described; arrested animals and escapers were small and thin and possessed numerous refractile granules (19) . Because let-363(RNAi) resulted in larval arrest, we were unable to then starved for 2 days in liquid medium. F, GFP image of animals shown in E. Note lack of GFP induction in these animals. G, GFP image of an adult animal grown on empty vector RNAi and then starved for 2 days in liquid medium; note increase in GFP fluorescence; anterior is left. H, GFP image of an adult animal grown on daf-16 RNAi then starved for 2 days in liquid medium; note lack of GFP induction. Anterior is left. daf-16 AND OXIDATIVE STRESS vs daf-16(þ) starved p , .001. daf-16(m26) fed vs daf-16(m26) starved p , .001 . daf-16 AND OXIDATIVE STRESS examine life span in these animals. To decrease the inhibition of let-363, we lowered the concentration of isopropylbeta-D-thiogalactopyranoside (IPTG) in the media to 1 nM as described (33) and observed lessening of the phenotype. These animals were small and pale, yet grew to adults that were long-lived similar to those in previous reports (2) . The life-span extension was found to be independent of daf-16 (Table 1) .
Given the role of TOR in nutrient sensing, we next tested the effect of inhibiting let-363 in an eat-2(lf) background. Eat mutants are a class of mutants that are defective in feeding, frequently through disruption of pharynx structure or function. eat-2 encodes a beta subunit of the nicotinic acetylcholine receptor superfamily which controls rates of pharyngeal pumping. eat-2(lf) mutants pump slower, and are pale and long lived, hence they are considered a genetic model of dietary restriction (52) . Dietary restriction may increase life span by reducing nutrient intake and work via TOR signaling. We found that inhibition of let-363 led to an average increase in life span of »18% in an eat-2(ad465) background compared to »8% in a wild-type background, suggesting that inhibition of let-363 works synergistically with eat-2 mutants (see Table 1 ).
One of the major effects of inhibiting TOR is blocking protein translation. Decreased expression of either the homolog to eukaryotic translation initiation factor 4 gamma, eIF-4G (M110.4), or eukaryotic translation initiation factor 2 beta, eIF-2b (K04G2.1), gives a phenotype similar to inhibiting let-363 (19) . We asked if inhibition of either of these genes would result in life-span extension using two different RNAi treatments. In the first treatment, parents were placed on RNAi feeding plates as L3s and were allowed to lay eggs; then the life span of the F 1 generation was followed.
In the second experiment, young adults were placed on the feeding plates, and their life spans were followed. We noted increased life span using both regimens ( Figure 6 ). Animals exposed to RNAi to each of the translational regulatory genes for their entire lives were small and pale, as previously described (19), yet did not undergo developmental arrest as did let-363-inhibited animals. In contrast, animals exposed to translational RNAi as adults appeared phenotypically normal yet exhibited extended longevity.
We next tested the dependence of the increased life span on daf-16 by exposing daf-16(lf ) mutants to RNAi to M110.4 and K04G2.1. Similar to let-363 inhibition, the life span increases were found to be largely independent of daf-16 when translation was inhibited throughout development ( Figure 6C and D) . However, when translation was inhibited as adults, longevity increases were found to be daf-16 dependent ( Figure 6G and H) , suggesting that inhibition of translation has differential effects on life span depending on when it occurs. We next tested the ability of inhibiting translational machinery to activate our sod-3::GFP reporter. Consistent with a daf-16-dependent extension of life span, we found that inhibiting translation as adults increased levels of the SOD-3::GFP protein (Figure 7) , implicating a role for IIS in this means of life-span extension.
DISCUSSION
A common stress encountered by most animals is lack of available food. Accordingly, nutrient-sensing pathways have evolved to adjust behavior and cellular processes to changing dietary resources. Recent evidence has demonstrated that disruption of two such pathways increases life span in C. elegans, as well as other animals. For example, inhibition of TOR increases life span of nematodes (2) and fruit flies (53) . Similarly, inhibition of IIS increases life span in nematodes (5, 54) , fruit flies (55), mice (56) , and perhaps even in humans (57) .
Why would inhibition of a nutrient-sensing pathway increase life span? One shared feature of both the TOR and IIS pathways is that active signaling is required to signal favorable conditions, whereas the default setting (absence of signal) signals adverse conditions. Therefore, disruption of these pathways results in a signal that resources are scarce. For example, mutations in IIS in nematodes results in dauer formation even in the presence of abundant food. In C. elegans, the active signal is thought to originate from sensory neurons in the head through direct chemosensory input of food signals from the environment. Hence, ablating the sensory neurons or disrupting their formation acts like inhibition of IIS and results in dauer formation or a daf-16-dependent extension of life span (58) . In the case of nematode TOR signaling, inhibition of TOR results in a phenocopy of starvation by inhibiting translation and increasing protein degradation (19) . TOR signaling differs somewhat from signaling via IIS in that TOR directly tracks intracellular amino acid levels, whereas IIS monitors food availability in the environment. Yet, despite these differences, the general mechanism that leads to increased life span when these pathways are inhibited may be a shift in life strategy toward maintenance and repair and away from reproduction (59) (60) (61) .
Although signals of deprivation may increase life span, the precise mechanism remains unclear. Here we have shown that one normal function of DAF-16 is to protect C. elegans from oxidative stress during periods of low food availability. Depriving animals of food for 2-4 days led to increased sensitivity to exogenous oxidative stress. Loss of DAF-16 function led to increased carbonyl accumulation and increased sensitivity to exogenous stress, especially during starvation. Interestingly, we were unable to detect large increases in gst-4::GFP in response to IIS inhibition. Also, genome-wide expression studies of Age mutants have generally failed to show broad increases in antioxidant gene expression, other than for sod-3 (15,16), nor were these genes induced during the aging processes (62) . One explanation for this finding is our observation that DAF-16 normally activates genes in response to scarce nutrient levels. If food levels are low, glucose levels are also likely to be low and there may be decreased production of reducing equivalents such as NADPH. In mammals, NAPDH is generated by glucose flowing through the pentose pathway and is used for both reductive synthesis and recycling of glutathione and thioredoxin [for overview, see (26) ]. Therefore, under conditions of low glucose, there may be decreased levels of reducing equivalents and lowered ability to recycle glutathione. Hence, under these conditions, activation of glutathione enzymes may not be useful. Instead, measures to directly combat oxidants, such as superoxide dismutase and catalase, may be favored.
Previous studies have shown that a variety of stressors such as heat, oxidative stress, and starvation resulted in nuclear localization of DAF-16 (9) . In the present study, we found that, despite DAF-16 nuclear localization under these conditions, all such treatments did not lead to activation of our sod-3::GFP reporter construct, suggesting that nuclear localization alone may not be sufficient to activate DAF-16 target genes. Other factors are known to influence the ability of DAF-16 and FoxO proteins to activate transcription, including: DNA binding, association with cofactors, and the phosphorylation and/or acetylation state [for review, see (63) ]. Stressors that disturb the nuclear/cytoplasmic transport system may also disturb the activation state of DAF-16. For example, heat may disrupt the association of DAF-16 with 14-3-3 proteins allowing translocation to the nucleus, but may also disrupt the association with transcriptional co-activators such as CBP-1 (64) . Also, because we tested only a single reporter gene, it is possible that different stressors induce a different set of DAF-16 targets. For example, in mammals, the acetylation state of FoxO may influence the balance between pro-apototic and cell cycle arrest genes (65) . Alternatively, the inability of DAF-16 to activate sod-3 in response to heat and oxidative stress may indicate that DAF-16 functions primarily to protect the organism from starvation, whereas other factors (such as HSF-1) protect against heat (39) , and (SKN-1) against oxidative stress (66) .
The activation of a superoxide dismutase gene by DAF-16 is remarkably similar to the situation in mammalian cells, in which glucose deprivation is known to cause oxidative stress, which is countered by FoxO3a-dependent activation of SOD2 (49) . In mammals, one prominent source of oxidative stress during glucose deprivation is low hexokinase activity at the mitochondrial VDAC [aka porin; (67) ]. We have shown that at least one C. elegans hexokinase, H25P06.1, may be localized to the mitochondria and that nematodes may also couple glycolysis with mitochondrial function. This finding suggests that a similar pathway may operate in nematodes and that protection from oxidative stress, promoted by low nutrient levels, is a conserved function of FoxO proteins across phyla.
Consistent with previous findings (2), we found that inhibition of the C. elegans TOR homolog, let-363, extended life span in a daf-16-independent manner. We extended these findings by observing that inhibition of translation alone could also increase life span and that in some cases the increased life span was daf-16 dependent. Inhibition of M110.4 or K04G2.1 throughout development resulted in small sterile animals with extended longevity. These increases in life span were independent of daf-16. The phenotypes of these animals were similar to inhibition of mitochondrial genes, which also has been shown to result in small animals with increased life span (46, 47) . It is possible that inhibition of translation inhibits mitochondrial proliferation during development and that this is the source of increased life span. However, unlike the mitochondrial genes, we found that inhibition of translation as adult animals also increased life span. Furthermore, we found that this increase in life span was dependent on daf-16 and resulted in activation of sod-3::GFP, suggesting that inhibition of translation in adults works through IIS to extend longevity. Because active IIS is required for short life span, inhibition of translation may function to inhibit IIS. One possible mechanism is decreased production of IIS components such as the insulin-like ligand or signaling kinases encoded by daf-2, pdk-1, age-1, or akt-1/2. Translation of growth signals may be sensitive to inhibition, because growth would not be a priority under adverse conditions. Differential translation of genes under stress conditions is well recognized (68) .
Summary
We propose that a normal function of DAF-16 in C. elegans is to protect animals from oxidative stress during periods of low food availability. This function may be conserved across phyla from nematodes to mammals. In both cases, hexokinase protein is associated with mitochondria and may link glycolysis with ROS production. Furthermore, in both cases, orthologous proteins, members of the FoxO class of transcription factors, activate mitochondrial superoxide dismutases in response to nutrient deprivation. Consistent with this observation, we found that in the absence of DAF-16 animals are rendered extremely sensitive to ROS during periods of starvation and rapidly accumulate carbonyls. Conversely, inappropriate activation of DAF-16 increases both stress resistance and life span, possibly by activating defense mechanisms when they are not needed. Interestingly, we also found that inhibition of both the C. elegans homolog of TOR, let-363, and components of the translational machinery also extend life span, and in some cases work through DAF-16. The extension of life span conferred by both inhibition of IIS and the TOR pathway is consistent with protective programs acting as the default state and growth-promoting programs requiring constant signaling. This default state would be advantageous in the wild, where it would be beneficial for an animal to rapidly adapt to nutrient deprivation. Activation of these deprivation pathways when they are not needed may be an important means to life extension.
